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PREFACE 
Previous work on Met al-Polymer-Silicon t h i n  f i b m  s t r u c t u r e s  has 
been r epor t ed  a s  a p a r t  o f  t h e  search  f o r  d i g a t a l  t ransducer  concepts .  
The ex i s t ence  of a break  i n  t h e  cu r r en t  - vo l t age  c h a r a c t e r i s t i c  of t h i s  
device when reverse-biased has been regarded a s  a b a s i s  of d i g i t a l  a c t i o n ,  
If i t  could be s tud ied  i n  s u f f i c i e n t  d e t a i l  t o  understsand and c o n t r o l  
t h e  phenomena, t h e  a p p l i c a t i o n  t o  i n t e g r a t e d  s i l i c o n  microe lec t ronic  
c i r c u i t s  would be a t t r a c t i v e ,  The device i s  not  n e a r l y  a s  simple a s  
might be assumed by i t s  simple s t r u c t u r e ,  The V-I  c h a r a c t e r i s t i c  i s  
i n f luenced  i n  many ways, some very s u b t l e ,  and it need only be po in t ed  
out  t h a t  su r f ace  s t a t e s  i n  t h e  semiconductor p l ay  a v i t a l  r o l e ,  The s t a t e  
of knowledge of su r f ace  phys ics  of  semiconductors i s  f a r  from adequate,  
but  very i n t e n s i v e  work i s  being done by many groups i n  t h e  semiconductor 
i n d u s t r y ,  The success  of t h e  MIS D i g i t a l  Transducer i s  by no means assured ,  
bu t  t h e  p o s s i b i l i t y  of  success  makes t h e  e f f o r t  worthwhile, 
The t a s k  of r e so lv ing  t h e  var ious  phys i ca l  phenomena has been 
made e a s i e r  by t h i s  s epa ra t e  s tudy  of t h e  charge t r a n s p o r t  processes  and 
energy s t o r a g e  processes  i n  t h e  polymer f i l m  a lone ,  Previous work by t h e  
group served  a s  a s t a r t i n g  po in t  and g r e a t e r  d e t a i l  was revea led  by 
improvements i n  t h e  method of f a b r i c a t i o n  and measurement of  behavior ,  
This  work w i l l  be  compared t o  t h e  work r epor t ed  on i n  Volume V I I I  i n  
f u t u r e  r e p o r t s ,  
ABSTRACT 
T h ~ n  f i lms of polymerized DC-704 o i l ,  ranging In th ickness  from 50 A 
0 
t o  1000 A ,  can be formed by el-ectron beam b2mbardment wlth  reasonable  good r e l l -  
a b i l i t y  and c o m p a t i b i l i t y .  The c h a r a c t e r i z i n g  p r o p e r t i e s  a r e  s t r o n g l y  dependent 
on t h e  method of  p r e p a r a t i o n  and invironmental  condi t ions .  There a r e  a number 
of  processes  which can provide d i e l e c t r i c  r e l a x a t i o n  behav ior ,  The a c t u a l  me- 
chanisms a r e  extremely d i f f i c u l t  t o  i d e n t i f y  and t h u s  phenomenological expres- 
s ions  have been der ived ,  
Experiments were conducted on metal-polymer-metal s t r u c t u r e s  t o  in -  
v e s t i g a t e  t h e  c h a r a c t e r i s t i c s .  The s t r u c t u r e s  c o n s i s t e d  of aluminum e l e c t r o d e s  
wlth t h e  polymer f i l m  between them. 
It i s  found t h a t  t h e r e  a r e  two & e l e c t r i c  r e l a x a t i o n s  i n  t h e  f l l m ,  a 
high frequency d i s p e r s l  on u l t h  a low frequency d i s p e r s l  on superimposed. The re-  
l a x a t i o n  time i s  es t imated  t o  be between 1 - 9  and 4 .5  x l o - '  seconds f o r  t h e  h ~ g h  
frequency dispersion. The 1051 frequency peak occurs w e l l  below 100 Hz ,  The r e l -  
a t i v e  d i e l e c t r i c  cons tan t  a t  1 K Hz 1 s  2 8 and t h e  index of f r a c t ~ o n  1 s  1 .39.  
The exper imental  capacitanze-tlme curves show a decrease I n  capaci- 
t an-e  wlth  aging f o r  every specimen. On f u r t h e r  a n a l y s l s  ~t becomes c l e a r  t h a t  
t h e  percentage decrease i n  capaci tance i s  a bu lk  filnct,lon r a t h e r  than a s u r f a - e  
P ~ n c t i o n  and i s  a t t r i b u t a b l e  t o  t h e  absorp t ion  of Qxygen 
A very high d l e l e c t r i r  s t r e n g t h ,  r o u t i n e l y  belng higher  than 10 6 
v ~ l t  / ? m  1 s  sbserved The s t r e n g t h  decreases  when t h e  energy of f ~ r m a t l o n  In- 
r r e a s e s ,  The dependence of capaci tance on temperature  and dc b i a s  1s seen 
Non-linear do conduc t iv i ty  of t h e  polymer f i l m  i s  observed,  and t h e  d a t a  
appears  t o  be  c o n s i s t e n t  wi th  more than one charge t r a n s p o r t  mechanism. Tempera- 
t u r e  dependence of capac i t ance  i s  c o n s i s t e n t  1~1 th  Debye r e l a x a t i o n  and Mamrell- 
Wagner l n t e r f  a c i a l  p o l a r i z a t i o n .  
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CHAPTER I 
IRTRODUCTJON 
A ,  E l e c t r o n  Beam-Induced Polymer Films 
It has been known f o r  many years  t h a t  exposure o f  o rgan ic  vapors i n  t h e  
atmosphere o f  vacuum system t o  an e l e c t r o n  s t ream r e s u l t s  i n  formation of  an 
o rgan ic  polymer f i l m .  The mechanism was a t t r i b u t e d  t o  a  f r e e  r a d i c a l  polymerizat ion 
of t h e  o rgan ic  v a p o r l s 2 .  This technique of polymerizat ion becane an a t t r a c t i v e  
5 
one, Following a  suggest ion by Buck and Shoulder t h a t  t h e s e  polymer f i l m s  
might be u s e f u l  f o r  e l e c t r i c a l  i n s u l a t i o n  i n  t h i n  f i l m  c i r c u i t s ,  s e v e r a l  workers 
have repor ted  t h e  p r o p e r t i e s  of polymer d i e l e c t r i c  f i lms  formed by e l e c t r o n  
bombardment o f  s i l i c o n e  vapor molecules.  
Polymer d i e l e c t r i c  f i l m  prepared i n  t h i s  way have some advantageous 
f e a t u r e s  over  t h o s e  formed by o t h e r  p rocess ,  Since t h e y  a r e  formed by a  s u r f a c e  
r e a c t i o n ,  t h e y  can be formed s e l e c t i v e l y ,  i .e, , only  where t h e  e l e c t r o n  beam 
s t r u c k  t h e  s u r f a c e s ;  l i n e s  down t o  1 micron wide have been "drawn". I f  t h e  
vapor i s  chemisorbed on t h e  s o l i d  s u r f a c e  ( such  as  DC-704 o i l )  an extremely t h i n  
d i e l e c t r i c  f i l m  may be formed, down t o  one o r  ttro molecular t h i c k n e s s .  P r a c t i c a l l y ,  
0 
t h e s e  polymer f i l m s  have very lotr incidence of p inho les  down t o  50 A t h i c k .  The 
absence of l a r g e  i n t r i n s i c  s t r e s s  i n  t h e s e  f i lms  reduces  t h e  l i k e l i h o o d  of 
cracklng o r  r u p t u r e  a f t e r  depos i t ion  and was proposed f o r  i n s u l a t o r  between metal 
f i l m s  i n  Cryotrons ( Super-Conductor Memory s t o r e s  ) . 
I n v e s t i g a t i o n s  have shovedg t h a t  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  polymer 
f i l m s  a r e  extremely dependent on t h e  depos i t ion  procedure and substance used-  
A cons iderab le  wide range of t h e s e  p r o p e r t i e s  i s  a c c e s s i b l e  because o f  the l a r g e  
number o f  polymerizablc spec ies  avai la ,ble .  Polymer f i l m  may o f f e r  unusual proper- 
t i e s  over and above t h o s  p e r t a i n i n g  t o  e l e c t r i c a l  i n s u l a t i o n .  With s u f f i c i e n t  
unders tanding o f  t h e  p h y s i c a l  and chemical p rocess ,  it should be p o s s i b l e  t o  
f a b r i c a t e  polymer f i l m s  with  s p e c i f i c  p r o p e r t i e s  f o r  s p e c i f i c  dev ices ,  such as  
t h e  d i g i t a l  t r a n s d u c e r .  
The polymer d i e l e c t r i c  f i lms  have g r e a t  promise both e l e c t r i c a l l y  and 
s t r u c t u r a l l y  f o r  bo th  room temperature  and cryogenic m i c r o c i r c u i t r y .  It does n o t  
seem, however, a t  t h i s  s t a g e  t h a t  t h e s e  techniques  have been a p p l i e d  f u l l y .  There 
i s  s t i l l  much t o  be s t u d i e s .  
B. Previous Work 
The formation of polymerized f i lms  on t h e  s u r f a c e s  o f  apparatus  by 
e l e c t r o n  bombardment of r e s i d u a l  gases  such a s  pump o i l  was f i r s t  observed 
a c c i d e n t l y  i n  e l e c t r o n  microscopy. ~ n n o s l  and poole2 a t t r i b u t e d  t h e  mechanism 
t o  f r e e  r a d i c a l  polymerizat ion o f  pump o i l  fragments.  A r t e r  t h i s  phenomenon 
was proposed f o r  p repar ing  i n s u l a t i o n  f o r  c i r c u i t  f a b r i c a t i o n  by Buck and 
Shoulders ,  s y s t e m t i c a l  i n v e s t i g a t i o n  have been performed. 
A p re l iminary  s tudy  of  polymerizat ion o f  DC-704 pump o i l  was repor ted  
by Chris ty6 i n  1960, wi th  t h e  s u b s t r a t e  a t  25Oc, a  cur ren t  d e n s i t y  o f  0 . 4  mA/cm 2 
0 
and an a c c e l e r a t i n g  vo l tage  of 225V be obtained a  maximum growth r a t e  o f  l8A/min, 
4 7 
t h e  f i l m s  r e s i s t i v i t y  o f  1 0  Ci crn and breakdo>m s t r e n g t h  of 10 v/cm. The 
secondary e l e c t r o n  emission from polymer s u r f a c e  during bombardment, was f i r s t  
observed by Holland and ~ a u r e n s o n l ' ,  ~ a n n ~  i n v e s t i g a t e d  a  dependence o f  grovth 
r a t e  on secondary e l e c t r o n  emission f o r  DC-704 o i l .  
6 The ~ ~ r o r k  on DC-'/OJ+ o i l  1ra.s subsequenzly extencied by Chr i s ty  a i d  Mann 5  
t o  inc lude  p r o p e r t i e s  o f  t h e  polymer d i e l e c t r i c  f i l m s ,  Both of them observed 
non-ohmic c o n d u c t i v i t y  a t  l a r g e  app l ied  vo l t ages  and Lhe change wi th  t ime  of t h e  
d i e l e c t r i c  p r o p e r t i e s  o f  t h e  f i l m s .  The d - i e l e c t r i c  cons tan t  b e f o r e  aging was 
2 .8  * 0 . 3  wi th  d i s s i p a t i o n  f a c t o r  b e t ~ r e e n  0 . 5  and 1 , 5  at 1 KHz, and t h e  c a p a c i t i v e  
changes occurred a f t e r  growth depending on environment.  Holland and Laurenson 9 
i n v e s t i g a t e d  t h e  e l e c t r i c  p r o p e r t i e s  o f  polymerized D C - - ~ O ~  f i l m s  a s  a  f u n c t i o n  o f  
e l e c t r o n  energy,  bombardment t ime ,  s u b s t r a t e  t empera tu re  and presence of  o t h e r  
0 
g a s e s .  They found t h a t  polymerized DC-704 f i l m s  grown a t  t h e  lo%r r a t e  o f  4 A/min 
and at impingement r a t i o  ( s i l i c o m m o l e c u l e s  t o  e l e c t r o n s )  o f  1 : 3 and 1 : 42 
had d i e l e c t r i c  cons tan t  o f  2 .6  and 4.0 and a  d i s s i p a t i o n  f a c t o r  a t  1 ICHz o f  
0.003 and 0.015 r e s p e c t i v e l y .  Thus reducing t h e  molecular  t o  e l e c t r o n  f l u x  r a t i o  
r a i s e s  t h e  d i e l e c t r i c  cons tan t  and d i s s i p a t i o n  f a c t o r .  Ra i s ing  t h e  p r e s s u r e  of 
-4 
t h e  r e s i d u a l  gas  t o  3 x  1 0  t o r r  ~ . r i t h  oxygen dur ing polymer growth reduced t h e  
f i l m  r e s i s t i v i t y ,  whereas r a i s i n g  t h e  hydrogen p r e s s u r e  i n c r e a s e d  t h e  r e s i s t i v i t y .  
11i118515 conducted a  d e t a i l e d  i n v e s t i g a t i o n  of  t h e  p r o p e r t i e s  of  
polymerized dimethylpolysi loxane and DC-704 o i l ,  he found t h a t  polymer f i l m s  o f  
DC-704 o i l  degraded and poor i n s u l a t o r s  when formed a t  e l e c t r o n  beam e n e r g i e s  o f  
750 eV. For t h e  energy range use3  (50-300 e ~ )  t h e  g rov th  r a t e  was a  funct ion 
0 
o f  t h e  s u b s t r a t e  p o t e n t i a l ,  A maximum growth r a t e  o f  48 A/min occurred a t  120 V 
which was much h i g h e r  t h a n  t h a t  r epor ted  by Holland and ~ a u r e n s o n ~  a t s u b s t r a t e  
p o t e n t i a l  0 . 4  t o  2  KV. 
A r ecen t  i n v e s t i g a t i o n 1 9  o f  polymerized DC-704 f i l m s  have sho1,red t h e  
frequency dependence o f  t h e  capacita.nce a t  ra . ther  low f r e q u e n c i e s .  Such a 
dependence i s  cotnpletely ~mexpec ted  j . ~  cornrnon d i e l e c t r i c s ,  
Other m a t e r i a l s  have been polynierized by e l e c t r o n  bombardment, inc lud ing  
butadiene13,  s t y r e n e 1 4 ,  methyl  methacrylatels,  epoxy r e s i n ,  t r i p h e n y l s i l a n o l  17,18 
and o t h e r  more complex molecules .  
I n  g e n e r a l ,  t h e  polymer f i l m s  have a pride v a r i a t i o n  i n  d i e l e c t r i c  
p r o p e r t i e s ,  depend on t h e  method of  p r e p a r a t i o n ,  and changes occurred a f t e r  
growth i n  a i r .  
C.  
The s i l i c o n e  compound used f o r  growing polymer f i l m s  i n  t h i s  s tudy  i s  
DC-'704 pump o i l ,  even though t h e  s p e c i f i c  arrangement of methyl and phenyl  groups 
a r e  not  known, t h e  chemical s t r u c t u r e  of  DC-704 i s  o f  t h e  f o l l o ~ + r i n g  form: 
When s i l i c o n e  molecules a r e  exposed t o  e l e c t r o n  bombardment, t h e  bond 
most l i k e l y  t o  f r a c t u r e  and promote c ross - l ink ing  a r e  t h o s e  of  methyl t e r m i n a l s ,  
The c ross - l ink ing  i s  o f  e i t h e r  fol lowing kind:  
methylene c ross - l ink  
e t h l e n e  c ross - l ink  
As a  r e s u l t  of t h e  e l e c t r o n  i r r a d i a t i o n  p rocess ,  c ross - l inks  a r e  formed a t  randon 
throughout t h e  polymer. 
Cross-linking i s  o f t e n  p r o p o r t i o n a l  t o  t h e  r a d i a t i o n  dose and h igher  
degrees o f  c ross - l ink ing  occuring a t  random produce a  heterogeneous m a t e r i a l s  
which i s  p a r t l y  i n s o l u b l e  and p a r t l y  s o l u b l e .  This d i s t i n c t i o n  a r i s e s  pure ly  
from t h e  s t a t i s t i c a l  d i s t r i b u t i o n  of  t h e  l i n k s  which, i f  s u f f i c i e n t l y  c l o s e  may 
g i v e  r i s e  t o  t h e  formation of  c losed networks. The s o l u b l e  f r a c t i o n  of t h e  
polymer decreases  wi th  i n c r e a s i n g  degree o f  c ross  l i n k i n g .  
The c ross - l ink ing  of t h e  polymer can be i n f e r r e d  from t h e  d i r e c t  
evidence,  t h a t  t h e  polymer does not  s o f t e n  and flow upon hea t ing  and from t h e  
f a c t  t h a t  t h e  polymer does not d i s s o l v e  i n  so lven ts  such a s  acetone.  The 
a c t u a l  degree o f  c ross - l ink ing  has not  been determined. 
D. Object ives  o f  Presen t  Work 
The summary which has been presen ted  appears t o  i n d i c a t e  s e v e r a l  
p o i n t s  f o r  i n v e s t i g a t i o n ,  
1. Using metal-polymer-me-tal s t r u c t u r e ,  f i n d  whether d i e l e c t r i c  
p r o p e r t i e s  of polymerized DC-704 f i lms  a r e  p r e d i c t a b l e  and t o  e s t a b l i s h  t h e  
condi t ions  which a r e  necessary f o r  c o n s i s t e n t  r e s u l t s .  Mention has a l ready  
been made of t h e  dependence o f  p r o p e r t i e s  on prepar ing procedure by many 
workers. 
2 .  Due t o  t h e  l a c k  o f  s p e c i f i c  informat ion on t h e  n a t u r e  of chemical 
s t r u c t u r e  of t h e  polymer f i l m s ,  it w i l l  be more p r a x t i c a b l e  t o  f i n d  a  phenomenological 
model f o r  t h e  observed d i e l e c t r i c  r e l a x a t i o n .  
3.  To i n v e s t i g a t e  t h e  long term changes i n  d i e l e c t r i c  cons tan t  and 
d i s s i p a t i o n  f a c t o r  by keeping t h e  devices  i n  d i f f e r e n t  environment and compare 
wi th  previous  works. 
4. To perform o t h e r  r e l a t e d  experiments and make sugges t ions  f o r  
f u r t h e r  r esea rch .  
CHAFTER il 
DIELECTRIC LOSS MECHANISM 
A. I n t r o d u c t i o n  
The v a s t  m a j o r i t y  o f  polymers have s t r u c t u r e s  c o n t a i n i n g  d i p o l e s  and, 
a s  i n  t h e  case  of  monomeric l i q u i d s  and g l a s s e s ,  t h e y  e x h i b i t  d i e l e c t r i c  d i s p e r s i o n  
superposed on atomic and e l e c t r o n i c  p o l a r i z a t i o n .  I n  t h e  s imples t  cases  t h e  
behavior  i s  very much l i k e  t h a t  of  p o l a r  l i q u i d s  i n  t h a t  a  d i s p e r s i o n  reg ion  
and l o s s  maximurn a r e  observed and can be desc r ibed  by a  most-probable r e l a x a t i o n  
t ime and a  d i s t r i b u t i o n  parameter ,  Usual ly  polymers e x h i b i t  anomalous despers ion  
and d i e l e c t r i c  l o s s  a t  f r equenc ies  many decades lower t h a n  simple compounds and 
t h u s  correspond t o  a  broad d i s t r i b u t i o n  i n  r e l a x a t i o n  times2'. The s i t u a t i o n  i s  
f u r t h e r  complicated by conductance due t o  i m p u r i t i e s  o r  m u l t i p l e  d i s p e r s i o n  
reg ions  t h a t  a r e  g e n e r a l l y  a t t r i b u t e d  t o  rnu l t ip le  phases  o r  modes o f  d ipo le  r o t a t i o n .  
Therefore  t h e  i n t e r p r e t a t i o n  of  t h e  d i e l e c t r i c  behavior  o f  polymers i s  s t i l l  
21 incomplete . 
There a r e  non-polar polymer, i . e .  , s t r u c t u r e s  i n  which t h e r e  a r e  no 
permanent d ipo le  moments, which g e n e r a l l y  show f a i r l y  low d i e l e c t r i c  c o n s t a n t s ,  
p r a c t i c a l l y  no d i e l e c t r i c  l o s s ,  and s l i g h t  frequency dependence o f  e i t h e r  of  
t h e s e  q u a n t i t i e s .  The po la r i za , t ion  which such non-polar m a t e r i a l  e x h i b i t s  i s  
p r i n c i p a l l y  due t o  d i s t o r t i o n s  o f  e l e c t r o n i c  and atornic s t r u c t u r e s .  D i e l e c t r i c  
l o s s e s  i n  and have been r e p o r t e d  and were a t t r i b u t e d  
t o  i m p u r i t i e s ,  ox ida t ion  and end-groups. 
The polymer fi lrns .i.rhich a r e  fonned by e lec- t ron bombardment, can 
be expected t o  have concen t ra t ion  o f  f r e e  r a d i c a l s  . 'These f r e e  r a d i c a l s  perhaps 
car1 a c t  as  e l e c t r o n  t r a p s  and have e f f e c t  o f  inc reas ing  t h e  e l e c t r o n  t r a n s p o r t  
through t h e  f i l m .  Oxygen o r  wa.ter vapor t rapped  during depos i t ion  can account 
f o r  an i o n i c  conduc t iv i ty  i n  t h e  f i l m s .  The ex i s tance  o f  a  d .c .  i o n i c  con- 
24 d u c t i v i t y  mechanism g ives  r i s e  i n  an a . c .  experiment t o  low frequency l o s s e s  , 
I f  t h e  f i l m s  a r e  non-homogeneous t h e  migrat ion of e l e c t r o n s  o r  ions  ~ ~ r h i c h  d i f f u s e d  
i n t o  t h e  polymer f i lms  produces i n t e r f a c i a l  p o l a r i z a t i o n .  
5  Mann has judged t h e  polymerized DC-704 f i l m s  t o  be non-polar based 
0 
on t h e  observa t ion  o f  smal l  change i n  d i e l e c t r i c  constant  between 4 and 300 K .  
But i n  t h i s  experimental s tudy ,  a l l  t h e  polymerized DC-704 f i l m s  i n d i c a t e d  
d i e l e c t r i c  d i s p e r s i o n ,  and t h e  d i e l e c t r i c  l o s s e s  a r e  much h igher  t h a n  what 
expected f o r  non-polar m a t e r i a l .  The d a t a  from e l l i p s o m e t e r  measurements a l s o  
i n d i c a t e d  t h a t  t h e  index of r e f r a z t i o n  of t h e  polymer f i l m s  i s  1 .39 corresponding 
t o  a  d i e l e c t r i c  constant  o f  2 . 8  a t  1 KHz. This evidence shows t h a t  Mann' s  judge- 
ment i s  ha rd  t o  be agreed with  i n  t h i s  case .  
However, he re  a r e  a  l a r g e  number o f  process  which can provide d i e l e c t r i c  
r e l a x a t i o n  behavior and t h e  a c t u a l  mechanism a r e  extremely d i f f i c u l t  t o  i d e n t i f y .  
The Debye type  phenomenological equa t ions  might f i t  t h e  d a t a  i f  c o n t r i b u t i o n s  
from s e v e r a l  p o l a r i z a t i o n  process  a r e  added t o  account f o r  t h e  broad band of 
r e l a x a t i o n  t i m e s , 2 5  I n  t h e  p resen t  s tudy ,  a t tempts  w i l l  be made t o  work out a  
model f o r  t h e  observed d i e l e c t r i c  behavior  f o l l o ~ r i n g  t h e  l i n e s  o f  t h e  c l a s s i c a l  
t h e o r y  o f  Debye, without knowing t h e  a c t u a l  mechanism. 
B. 
2  6 The c l a s s i c a l  theory  of t h e  e f f e c t  f o r  p o l a r  l i q u i d s  i s  due t o  Debye . 
Under t h e  in f luence  of an a l t e r n a t i n g  e l e c t r i c  f i e l d  a  system of p o l a r  molecules 
i s  supposed t o  d i f f u s e  by r o t a r y  Brownian motion toward an e q u i l i b r i u m  d i s t r i b u t i o n  
i n  molecular  o r i e n t a t i o n ,  corresponding t o  a  r e s u l t a n t  d i e l e c t r i c  p o l a r i z a t i o n .  
I f  t h e  frequency o f  t h e  app l ied  f i e l d  i s  s u f f i c i e n t l y  high r o t a t o r y  d i f f u s i o n  
becomes t o  slow f o r  t h e  es tab l i shment  of  equ i l ib r ium with  t h e  f i e l d .  A s  a  r e s u l t  
t h e  p o l a r i z a t i o n  acqu i res  a  component out  o f  phase wi th  t h e  f i e l d .  The d i s p l a c e -  
ment c u r r e n t  a l s o  a c q u i r e s  a  conductance compenent i n  phase w i t h  t h e  f i e l d  r e s u l t i n g  
i n  the rmal  d i s s i p a t i o n  of  energy from t h e  f i e l d .  The dependence of  t h e  l o s s  
f a c t o r  on frequency i s  determined by t h e  r e l a x a t i o n  t i m e ,  which i s  t h e  i n t e r v a l  
r e q u i r e d  f o r  t h e  po la r i za . t ion  i n  a s t a t i c  f i e l d  t o  diminish t o  a  f r a c t i o n  of  
- 1 
e  o f  i t s  equ i l ib r ium va lue  when t h e  f i e l d  i s  suddenly removed. 
A convenient development o f  t h e  Debye equa t ions  by ~ ~ t t c h e r ~ ~  i s  shown 
below. 
Let E be t h e  s t a t i c  d i e l e c t r i c  cons tan t  and Em be t h e  d i e l e c t r i c  
S 
cons tan t  a t  very high f r e q u e ~ c y .  The p o l a r i z a t i o n  may assumed t o  be made up o f  
two p a r t s ,  P1 and P  P  keeps i n  phase wi th  t h e  a p p l i e d  f i e l d  and P i s  e s t a b l i s h e d  2 '  1 2 
more s lowly and l a g s  behind E .  
Since 
D = E*E E = cOE f P 
0 
where E = d i e l e c t r i c  cons tan t  o f  vacuum. 
0 
For s t a t i c  cond i t ions  
j w t  When a  f i e l d ,  E = Ene i s  a p p l i e d  suddenly,  Pp approa,ches i t s  f i n a l  va lues  a t  
- 
r a t e  p r o p o r t i o n a l  t o  t h e  d i  ffeu'ence rernaifiing 
The g e n e r a l  s o l u t i o n  of  t h i s  equa t ion  i s  
The f i r s t  term on t h e  r i g h t  hand s i d e  w i l l  decrease  t o  an i n f i n i t e l y  saml l  value 
a f t e r  some t ime  and t h e r e f o r e  it may be nege lec ted ,  Thus ?,re o b t a i n  f o r  t h e  t o t a l  
p o l a r i z a t i o n  
E - Em 
s j w t  P = P  + P  = [ ( ~ m - I ) +  ] E  E e  1 2  0 0 (6 1 -+ jwt 
From t h i s  formula,  we s e e  t h a t  P  i s  a s i n u s o i d a l  func t ion  of  t h e  t ime 
w i t h  t h e  same frequency a s  t h e  a.pplied f i e l d ,  The complex p a r t  between t h e  
square  b r a c k e t s  shor,rs t h a t ? %  i s  r e t a r d e d  i n  phase wi th  respec t  t o  E .  
Thus t h e  complex d i e l e c t r i c  cons tan t  E *  i s  given by 
C - Em 
S 
= Em 4- 
1 -I. Jwt 
which can be w r i t t e n  
where w = t h e  angu la r  f requency,  
T = t h e  re laxa. t ion t ime 
Examination of  E q  ( 1 0 )  shows t h a t  E "  approaches ze ro  bo th  f o r  samll  and f o r  
l a r g e  va lues  wr , which it i s  a  maximum f o r  
For t h i s  va lues  of  wr, Equs : 9 )  and ( 1 0 )  g ive  
E + Em 
E A - -  S - 
max 2 
Typical  curve o f  t h i s  type  i s  shoi,ia i n  Figure-1 and t h e  d i s s i p a t i o n  f a c t o r  i s  
given by 
( c s  - E ~ ) U T  
-  
E + u ' T 2 ~ m  
S 
wi th  a  value a t  t h e  maxirnwn o f  

1 .s 
opi  c r e l a x a t  ion 
process  , and -is  d - i f  fel..int from thi-  rllicr'oscopic o r  c~!oiec~rlar rela,xa,tion tiine r,r'iiich 
Dehye used i n  t h e  o r j  g i n a l  d e r j  vat ion, 
28 FrGhlich has given sn nna iys i s  o f  t h e  ciis tribu"cior1 of" r e l a x a t i o n  
t imes .  I f  y ( ~ ) d . ~  i s .the c o i ~ t r i b u t i o n  t o  s t a , t i c  die1ec.tri.c c o n s t m t  of t h e  group 
of  d i p o l e s  having i n d i v i d u a l  relexa-Lion -times i c i  a range near  t h e  t o t a l  c o n t r i b u t i o n  
o f  al.1 t h e  d i p o l e s  i s  
E -. €a= y ( ~ r ) d ~  
s 
and Eqs,  (9) and ( 1 0 )  becomes 
The va lues  f o r  E.' e v i d e n t a l l y  consi.s"if a s i~ .pe rpos i t ion  o f  Debye 
eiil.ves w~/(l G L ~ I ~ T ~ ) ,  17:lii;h d i f f e r e x t  p o s i t i o n s  and h e i g k t s  of  t h e i r  r e s p e c t i v e  
maxima, aizd t h u s  g ive  t h e  !.ewer, broader  curves ,  
C . ~ l ~ ~ 2 ~ ~ ( ~ I , ~ " c L " L f  a - C I ~ - i " u _ i z ~ g ; g a ~ ~  
Besides nio:LeeuLar orierii;at,ion, m i ~ r a t i o n  of  i o n s  o r  e.l.ectrons can 
produce eiiergy l o s s e s  :i.n i l ielzc"c5.c~. T~Tkien t l le d1.e l .ect i . i~  i s  hol~iogeneous t h i s  
produces conduci, ivity l.osses brhieh decrea.se in magiii-iiide l<~E-i,% .ixicr-.easing freq.uency 
( s e e  11 D) . I n  a non--~ho;nogeneous rnater ia i  iii tho1j.t r; coi?c?.uci;l:!g ps,Lh hc.t',ieer? 
the e l e c t r o d e s  tile f i n a i  currreilt must al.~ra:ys be z e r o ,  k tyi:i? o f  ao?i , .~iz: i l i i :~r i  ; : I  
produced by t h e  charged p a r t i c l e s  which move throu-gh t h e  conciuc~ing -regions a,rid 
accumula.te on t h e  s u r f a c e  s e p a r a t i n g  t h e  corliiuct ixig :regions. 
2 3 
Atternpts were made by i/la.xl.iell-- t o  "iea,t t i le s i ~ a p l e s t  model. r~hel-e -r;'rie 
d i . e l e c t r i c  i s  i n  two phases pa.ralle1. t o  t h e  e l e c t r o d e s ,  one of whictki i.s conclilciti~~g 
and t h e  o t h e r  i s  non-conducting. IIe showed t h a t  t h e  behavior  ~>ra.s i n  accordance 
30 
wi th  the  ikbye e q u a t i o n s ,  Ihlagner t r e a t e d  t h e  case  where t h e  s p h e ~ i  cn.~L p a r t  i cl e s  
o f  phase 1 having a  r e a l  d i e l e c t r i c  cons tan t  €' and a conduc t iv i ty  c; 1. 1 
s p a r s e l y  d i s t r i b u t e d  through phase 2 ,  which was a  rea,l d i e l e c t r i c  cons tan t  c' 2 
and a  n e g l i g i b l y  srnall c o n d u c t i v i t y  provided t h a t  t h e  f r a c t i o n  p  o f  t h e  phase 
1 i n  r e l a t i o n  t o  t h e  t o t a l  volume o f  d i e l - e c t r i c  i s  s m a l l ,  t h e  apparent d i e l e c t r i c  
constr~i i t  observed f o r  t h e  m a t e r i a l  a s  a whole i s  then fowid t o  be 
s ~ h i c h  can be w r i t t e n  
Obviously,  Eqs ( 1 9 ) ,  ( 2 0 ) ,  and ( 2 1 )  a r e  i d e n t i c a l  t o  Eqs (8), ( 9 )  and ( 1 0 ) .  
From t h e s e  e q u a t i o n s ,  we can ob ta in  from t h e  frequency o f  maxirnum 
-1 -1 
a b s o r p t i o n ,  f o r  0 i n  ohm cm 1 
wi th  a corresponding va lue  o f  E a t  t h e  maximum given by 
As long a s  each of t h e  m a t e r i a l s  i n  i t s e l f  i s  homogeneous t h e r e  i s  
only  one r e l a x a t i o n  t ime which depends only on t h e  p r o p e r t i e s  o f  t h e  two m a t e r i a l s ,  
when t h e  p r o p e r t i e s  of  i n d i v i d u a l  spheres  a r e  d i f f e r e n t ,  it l e a d s  t o  a d i s t r i b ~ t i o n  
o f  re la ,xat j  on t imes  . 
This  t reatment  has been extended t o  cons ider  t h e  case where t h e  dispersed 
p a r t i c l e s  a r e  no longer  s p h r i c a l  bu t  may be regarded a s  o r o l a t e  o r  o b l a t e  e l l i p s o i d s .  
36 The fol lowing genera l  conclusions  may be s ta t .ed = 
1. The l o s s  f a c t o r  E" i n c r e a s e s  l i n e a r l y  with  t h e  volume f r a c t i o n  of 
t h e  d i spersed  phase but  - r4 i s  independent o f  t h i s  f r a c t i o n .  
2. €"and  are both independent o f  t h e  s i z e  o f  d i spersed  p a r t i c l e s  
provided t h e y  a r e  smal l  compared wi th  t h e  th ickness  o f  t h e  specimen. 
3. The r e l a x a t i o n  t i m e ,  r ' i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  conduct ivi ty  
of t h e  d i spersed  phase whi le  t h e  l o s s  f a c t o r  E%S independent o f  0 .  Consequently 
only p a r t i c l e s  o f  low conduc t iv i ty  can cause t h e  frequency o f  maximum l o s s  t o  l i e  
w i t h i n  o r  below t h e  audio frequency range. 
4. For f requenc ies  above t h e  absorp t ion  frequency,  t h e  shape o f  t h e  
p a r t i c l e s  has  l i t t l e  e f f e c t  on t h e  l o s s  f a c t o r  E! 
It i s  evident  t h a t  smal l  q u a n t i t i e s  o f  i m p u r i t i e s  may s e r i o u s l y  a f f e c t  
t h e  d i e l e c t r i c  p r o p e r t i e s  o f  a  m a t e r i a l  i f  it l e a d s  t o  t h e  formation of an 
a d d i t i o n a l  phase.  Various aspec t  of t h e  t h e o r y  have been confirmed exper imental ly  
by Hamon and ~ e a k i n g s ~ l ,  us ing  water  d i spersed  i n  p a r a f f i n  wax which i s  c r y s t a l l i n e  
polymer. 
A q u a n t i t a t i v e  t rea tment  i n  any p r a c t i c a l  case i s  d i f f i c u l t  p a r t l y  
because t h e r e  i s  no wholly s a t i s f a c t o r y  way of  specif 'ying o r  t r e a t i n g  
mathematically t h e  shapes a c t u a l l y  assumed by t h e  conducting i m p u r i t i e s  trhi ch 
a r e  l i k e l y  t o  segrega te  a t  g r a i n  boundaries and s i m i l a r  p l a c e s ;  and p a r t l y  
because t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  d i spersed  m a t e r i a l  may d i f f e r  
from t h e  p r o p e r t i e s  of t h e  same m a t e r i a l  i n  bulk form. 
D. D i e l e c t r i c  Loss Due t o  Conductivity 
The r e l a t i o n  o f  t h e  apparent conduc t iv i ty  t o  d i e l e c t r i c  constant  and 
32 l o s s  i s  f i r s t  analyzed by Murphy and Morgan . I n  an i d e a l  d i e l e c t r i c  t h e r e  
would be no f ree - ion  conduct ion,  b u t ,  i n  a c t u a l  i n s u l a t i n g  m a t e r i a l s ,  J o u l e  
hea t  may be produced by t h e  d r i f t  of e l e c t r o n s  o r  f r e e  ions  i n  t h e  app l ied  
f i e l d .  The t o t a l  hea t  developed i s  t h e  sum of t h e  d i e l e c t r i c  l o s s  and t h e  
J o u l e  h e a t .  The d i e l e c t r i c  l o s s  i s  t h u s  p r o p o r t i o n a l  t o  t h e  measured a c  con- 
d u c t i v i t y  minus dc conduc t iv i ty .  
If a  d i e l e c t r i c  m a t e r i a l  o f  d i e l e c t r i c  constant  E f i l l  t h e  space 
between t h e  p a r a l l e l  p l a t e s  o f  a  two p l a t e  condenser which has  a  d i s t a n c e  d  
cm and an a l t e r n a t i n g  p o t e n t i a l  V = V ejWt i s  a p p l i e d ,  t h e  c u r r e n t  d e n s i t y  i n  
0 
t h e  d i e l e c t r i c  i s  then  
From Eqs ( 2 9 a ) t h e  r e l a t i o n  i s  o b t a i n  
-1 -1 f o r  o' i n  ohm cm 
S u b s t i t u t i n g  Eqs ( 1 0 )  i n  (29a)  t h e  e f f e c t i v e  conductance i s  given by 
Mere i m p u r i t i e s  may have s u f f i c i e n t  i n f l u e n c e  t o  make necessary t h e  c o r r e c t i o n  
o f  t h e  measured l o s s  f a c t o r  by s u b t r a c t i n g  from it t h e  l o s s  f a c t o r .  This technique 
has been a p p l i e d  t o  analyze t h e  t r e a t e d  ~ e o p r e n e ~ ?  e t c .  wi th  a  s a t i s f a c t o r y  r e s u l t s .  
For a  mixed m a t e r i a l  t h e  l o s s  f a c t o r  may be regarded a s  t h e  sum of t h r e e  
d i s t i n c t  e f f e c t s ,  t h a t  i s  
E. Cole and Cole P l o t  
It has been mentioned i n  p rev ious  s e c t i o n s  t h a t  both t h e  express ions  
f o r  d i e l e c t r i c  d i s p e r s i o n  due t o  Debye t h e o r y  ( d i p o l a r  p o l a r i z a t i o n )  and Maxwell- 
Wagner e f f e c t  ( i n t e r f a c i a l  p o l a r i z a t i o n )  a r e  i d e n t i c a l  i n  form with  Eqs ( 8 ) .  
d i f f e r i n g  only i n  t h e  s i g n i f i c a n c e  of t h e  parameters E and one might t h u s  
s '  
expect t h e s e  r e l a t i o n s  t o  have a  very genera l  v a l i d i t y  a s  a  d e s c r i p t i o n  o f  d i s -  
pe rs ion  process .  
By modifing Eqs (8), Cole and developed an empi r ica l  formula 
which r e p r e s e n t s  t h e  d i spers ion  process  f o r  a  considerable  number o f  m a t e r i a l s .  
T = t h e  most probable  r e l a x a t i o n  t ime 
0 
cc = empi r ica l  constant  wi th  va lues  between 0 and 1, a measure o f  
t h e  d i s t r i b u t i o n  of t h e  r e l a x a t i o n  t imes .  
The r e a l  and imaginary p a r t  o f  t h e  complex d i e l e c t r i c  c o n s t a n t ,  i n s t e a d  
of Eqs ( 9 )  and ( 1 0 )  a r e  given by 
E - E m  
S 
E ' =  E m +  
Sinh [ ( l  - a )  X I  
2 ~ o s h  [ ( 1  - a ) ~ ]  + s i n  (F) 
a  T l  
E 4  = PO - E m  ) COS (T) 
where X = Rnw-ro 
When t h e  values  o f  E" a r e  p l o t t e d  a s  o r d i n a t e s  aga ins t  those  o f  E '  a s  
a b s c i s s a s ,  a  s e m i c i r c u l a r  a r c  i s  ob ta ined  i n t e r s e c t i n g  t h e  a b s c i s s a  a x i s  a t  
E '  = E~ and E'= E . The c e n t e r  o f  t h e  c i r c l e  o f  which t h i s  a r c  i s  a  p a r t  l i e s  
s  
below t h e  a b s c i s s a  a x i s ,  and t h e  diameter  o f  t h e  c i r c l e  drawn through t h e  c e n t e r  
from t h e  i n t e r s e c t i o n  a t  E~ make an angle  an/:! wi th  t h e  a b s c i s s a  a x i s .  When or 
i s  z e r o ,  t h e  diameter  l i e s  i n  t h e  a,bscissa a x i s ,  t h e r e  i s  but one r e l a x a t i o n  
t ime ,  and t h e  behavior  o f  t h e  m a t e r i a l  conforms t o  t h e  simple Debye t h e o r y ,  t h e  
complex plane l o c i  of t h e  complex d i e l e c t r i c  constant  and equivalent  f o r  d i e l e c t r i c a l  
a r e  shoved i n  Fig-2. 
When a  substance has more than  one r e l a x a t i o n  mechanism, o r  when t h e  
m a t e r i a l  i s  a  mix ture ,  t h e  observed loss-frequency curve i s  t h e  r e s u l t a n t  of two 
o r  more d i f f e r e n t  curves  and, t h e r e f o r e ,  depar t s  from t h e  simple Debye o r  Cole 
and Cole P l o t .  
I f  t h e  d i e l e c t r i c  substance i n  ques t ion  has two regions o f  d i spers ion  
and absorp t ion ,  an a d d i t i o n a l  p a r a l l e l  branch may be added t o  t h e  equ iva len t  
c i r c u i t s 3 5 ,  and t h e  equ iva len t  complex d i e l e c t r i c  cons tan t  can then  be given by 
Fig  - 2 .  Theore t i ca l  complex p lane  l o c i  of t h e  complex 
d i e l e c t r i c  cons tan t  and equ iva len t  c i r c u i t s  
f o r  d i e l e c t r i c s  
( a )  Uebye Theory ( b  ) exper imental  eviderice 
CHAPTER 111 
EXPERIMENTAL PROCEDURE 
A. I n t r o d u c t i o n  
The metal- Insulator-Metal  s t r u c t u r e s  Irere i n  t h e  form of crossed 
metal  s t r i p s ,  1.1 mm wide, wi th  an i n s u l a t i n g  l a y e r  between them. For a l l  
s t r u c t u r e s  t h e  meta l  e l e c t r o d e s  were evaporated aluminum f i l m ,  and t h e  i n s u l a t o r  
was polymerized s i l i c o n e  f i l m .  Even though t h e  polymerized s i l i c o n e  f i lms  were 
i n i t i a l l y  r e l i a b l e  (uniform th ickness  and f r e e  from p i n h o l e s )  i n  a  t h i c k n e s s  
0 
range t o  50 t o  300 A ,  unprepared microscope s l i d e s  y i e l d e d  a  l a r g e  number o f  
f i l m  p inholes  and improper evaporat ion of metal  e l e c t r o d e s  causes creepage 
beyond t h e  edge of t h e  masked a reas  of t h e  s u b s t r a t e s .  Both a t t r i b u t e d  t o  
s h o r t - c i r c u i t e d  samples. Well developed technology was r e q u i r e d  t o  p repare  
a  s u f f i c i e n t  number of  samples with  good enough p r e c i s i o n  t o  t e s t .  Much ca re  
was t aken  t o  minimize t h e  e f f e c t s  o f  unknown f a c t o r s .  
B. The Metal-Insulator-Metal S t r u c t u r e  
1. 
Samples were formed by evaporat ing t h e  base aluminum s t r i p ,  
depos i t ing  a  polymerized s i l i c o n e f i l m  of  d e s i r e d  t h i c k n e s s  and then  evaporat ing 
another  aluminum s t r i p  on t o p  a t  r i g h t  angle t o  t h e  f i r s t  aluminum s t r i p ,  t h e s e  
aluminum s t r i p s  se rved  as c a p a c i t o r  p l a t e s  and provided e l e c t r i c a l  con tac t  f o r  
measurement. The p h y s i c a l  conf igura t ion  o f  t h e  M I M  s t r u c t u r e  was shown i n  
Figure- 3. 
2 .  S u b s t r a t e  
The microscope g l a s s  s l i d e s  were used a s  s u b s t r a t e  i n  a l l  
experiments.  Early a t tempts  t o  evaporate c a p a c i t o r s  oil c leaned,  but  o t i i e r ~ r i s e  
Top E l e c t r o d e  
/ Polymer Fi lm 
Bottom E l e c t r o d e  
Glass  S u b s t r a t e  
Top E l e c t r o d e  
Polymer Fi lm 
t rode 
Subst  
Fig - 3 .  I4114 s t r u c t u r e .  ( a )  Basic  s t r u c t u r e  
( b )  Three-one-one s t r u c t u r e  
unprepared microscope s l i d e s  y i e l d e d  a, l a r g e  number o f  f i l m  p i n h o l e s ,  accompanied 
by e l e c t r i c a l  s h o r t s  between t h e  c a p a c i t o r  p l a t e s ,  Microscopic examination of 
t h e  g l a s s  s l i d e s  showed extended a r e a s  o f  inc reased  s u r f a c e  roughness brith 
probably represen ted  r e c r y s t a l l i z a t i o n  zones. The s l i g h t e s t  contaminant f i l m  
on t h e  s l i d e  a l s o  caused s e r i o u s  d e t e r i o r a t i o n  i n  uniformity.  Therefore a l l  t h e  
s l i d e s  were inspec ted  under a  20X microscope t o  r e j e c t  s l i d e s  w i t h ,  obvious 
imper fec t ions .  S l i d e s  were a t  f i r s t  imnersed i n  quar tz  c lean ing  s o l u t i o n  f o r  
f i v e  minutes m d  t h e n  r i n s e d  by deionized w a t e r ,  f i n a l l y  t h e  vapor from b o i l i n g  
t r i c h l o r o e t h y l e n e  bras used t o  remove t h e  res idue  p a r t i c l e s  and grease  adhering 
t o  t h e  sur face .  These procedure v e r e  performed immediately b e f o r e  t h e  s l i d e s  
were put  i n t o  t h e  vacuum system t o  assure  t h e  met iculous c leaness  o f  t h e  
s u b s t r a t e s .  
3. Metal E lec t rodes  
The y i e l d  of  shor t - f ree  c a p a c i t o r s  was f u r t h e r  inc reased  by a  
proper  choice of t h e  meta l  used f o r  t h e  c a p a c i t o r  e l e c t r o d e s .  Metals o f  high 
evaporat ion temperature ,  such a s  n i c k e l ,  r e s u l t e d  i n  a  h igher  percentage of 
f a i l u r e s ,  probably due t o  p e n e t r a t i o n  of t h e  polymer f i l m  by t h e  h igh ly  energized 
meta l  atoms, s i l v e r ,  an obvious choice because of i t s  1o.i.r evaporat ion temperature  
and high conduc t iv i ty ,  a l s o  gave poor r e s u l t s .  I t s  high m o b i l i t y  may have 
caused s h o r t s  by grain-boundary d i f f u s i o n .  Alwninum y i e l d  t h e  b e s t  r e s u l t .  This  
can probably be explained by i t s  low evaporat ing temperature  combined vrith a  
decreased sur face  m o b i l i t y  caused by t h e  a f f i r m i t y  o f  aluminum f o r  oxide bond 36 
~ r i t h  aluminum e l e c t r o d e s .  A y i e l d  of more than  80% of  s h o r t - f r e e  c a p a c i t o r s  
has been obtained.  99.99% pure aluminum rras used a s  t h e  e l e c t r o d e  m a t e r i a l .  The 
aluminum was vaporized by a f ive - tu rn  tungs ten  h e a t i n g  c o i l  about 20 cm, from t h e  
s u b s t r a t e .  Two shee t  s t a i n l e s s  s t e e l  masks, eac,h with  a  s i n g l e  s l i t  1.1 mm 
wide, were h e l d  w i t h i n  0 .5  mm of t h e  s u b s t r a t e  t o  form t h e  e l e c t r o d e  because 
t h e  masks could not  make p e r f e c t  con tac t  wi th  t h e  s u b s t r a t e .  Creepage of  t h e  
evaporated meta l  caused t h e  width of t h e  aluminum e l e c t r o d e s  t o  vary from sample 
t o  sample. The a c t u a l  width o f  t h e  e l e c t r o d e s  was determined by using a  10X 
Ze iss  c a l i b r a t e d  eye-piece. I n  a l l  experiments,  t h e  a r e a  of samples which 
d 
v a r i e d  from 1.24 mm' t o  1 .56  mm had been normalized t o  1 . 3  mm f o r  coniparison 
of r e s u l t s .  
0 
The t h i c k n e s s  of t h e  e l e c t r o d e s  were made about 1000 A. A s t r i p  
o f  t h e  depos i ted  aluminum o f  t h i s  th ickness  2  cm leng th  and 1.1 mm wide had 9 
t o  1 2  ohms dc r e s i s t a n c e .  It i s  n e g l i g i b l e  compared t o  t h e  c a p a c i t o r  which i s  
8 i n  s e r i e s  with  i t ,  on t h e  o r d e r  o f  10 ohms. 
The main disadvantage o f  aluminum e l e c t r o d e  i s  t h e  d i f i c u l t y  of 
making e l e c t r i c a l  c o n t a c t .  They r e s i s t  even Hg-In as  a  con tac t  we t t ing  agent .  
-3 -6 The depos i t ion  o f  aluminum e l e c t r o d e s  were performed between 1 0  t o  1 0  t o r r .  
Experiments showed t h a t  t h e  e l e c t r o d e s  depos i ted  i n  t o  t o r r  had t h e  
- 6 h i g h e s t  adhesion t o  t h e  s u b s t r a t e .  The e l e c t r o d e s  depos i ted  a t  1 0  t o r r  proved 
t o  be e a s i e r  t o  mel t  i n t o  t h e  Hg-In wet t ing  agent and caused d i f f i c u l t i e s  i n  
making con tac t .  There appears t o  be s u f f i c i e n t  oxygen presen t  t o  permit t h e  
format ion of t h e  in te rmedia te  oxide l a y e r  a t  t h e  aluminum-glass i n t e r f a c e  dur ing  
-3 - 4 depos i t ion  of t h e  e l e c t r o d e  at a r e s i d u a l  a i r  o f  p ressure  of 1 0  'to 1 0  tsrr, 
The h igh  adhesion i s  due t o  t h e  oxide l a y e r  a t  t h e  i n t e r f a c e ,  
b, Polymer I n s u l a t o r  
Polymer t h i n  Qilms deposited by e l e c t r o n  bonibardment o f  
DC-704 d i f f u s i o n  p m p  o i l  vapor were used as  i n s u l a t o r ,  Besides t h e  o i l  present 
i n  t h e  vacuum system a s  a  r e s u l t  o f  back-streaming from t h e  d i f f u s i o n  pump, an e x t r a  
hea ted  o i l  source was l o c a t e d  near  t h e  s u b s t r a t e  t o  i n c r e a s e  t h e  supply o f  
o i l  molecules on t h e  s u b s t r a t e  a v a i l a b l e  f o r  polymerizat ion.  The polymerizat ion 
a c t i v a t i o n  e n e r a  was provided by a  360 V e l e c t r o n  beam. 
Less t h a n  1 0  eV of  energy i s  r e q u i r e d  t o  cause one c r o s s - l i n k  t o  
6 form . The growing r a t e  o f  t h e  polymer f i l m  i s  t h e r e f o r e ,  independent of t h e  
e l e c t r o n  energy,  b u t  s t r o n g l y  dependent on t h e  r a t i o  o f  e l e c t r o n s  t o  o i l  molecules 
reaching t h e  s u r f a c e  o f  t h e  s u b s t r a t e .  
It has been found t h a t  no t  only t h e  pump o i l ,  bu t  a l s o  sil iconevacuum 
g r e a s e ,  machined metal  s u r f a c e s  and ord inary  grease removers produced organic  
vapors i n  t h e  vacuum system which can be converted i n t o  s o l i d  polymer f i lms  by 
t h e  bombardment of low energy e l e c t r o n  beam. For c o m p a t i b i l i t y  o f  t h e  polymer 
f i lm e f f o r t s  has been made t o  prevent  organic  contamination. 
C. Fabr ica t ing  Apparatus 
1. Vacuum System 
A MRC vacuum system with an 24" b e l l  j a r  was used t o  f a b r i c a t e  t h e  
M I M  c a p a c i t o r s .  I t s  8" th ree -s tage  d i f f u s i o n  pump, using DC-704 p u q  o i l ,  y i e l d s  
a  vacuum of  5 x  t o r r  o r  b e t t e r  i n  about an hour .  Tne polymer growth was 
performed i n  t h i s  region.  The evaporat ion of t h e  bottom aluminum e l e c t r o d e  was 
done a t  5 X t o r r  f o r  s t r o n g e r  adhesion bu t  t h e  t o p  e l e c t r o d e  was evaporated 
a t  t h e  same p r e s s u r e  as t h e  polymer growth t o  avoid t h e  p o s s i b l e  damage t o  t h e  
a l ready-deposi ted polymer. 
As descr ibed  by ~ i t z g i b b o n s ' ~ ,  t h e  b e l l  J a r  was equipped with  a  t h r e e -  
s t a t i o n  evaporat ion appara tus ,  t o  permit t h e  f a b r i c a t i o n  of Metal-Polymer-Metal 
Capacitor ~ r i t h o u t  breaking t h e  vacuwn. Tvro met a 1  depos i t ion  s t a t i o n s  used g l a s s  
evaporat ion s h i e l d s  t o  prevent  t h e  evaporate  from roa t ing  t h e  bell j a r  and o t h ~ r  
equipment contained ~ r i t h i n  t h e  b e l l  j a r .  The g l a s s  evaporat ion s h i e l d s  were long 
enough t o  keep t h e  s u b s t r a t e ,  o r  t h e  a l ready-deposi ted polymer, alray from t h e  
tungs ten  f i lament  t o  avoid p o s s i b l e  damage caused by h e a t .  A s e t  of gimbaled 
r i n g s  hold t h e  Cathode Ray tube ( e l e c t r o n  bean source)  i n  alignment with  t h e  
t a r g e t  and were s u f f i c i e n t l y  s t u r d y  t o  prevent  misalignment dur ing  re load ing  
procedures .  
An o u t s i d e  d r i v e r ,  working through rubber-sealed feedthrough,  provided 
t h e  mechanism f o r  r o t a t i n g  t h e  sample ho lder  from s t a t i o n  t o  s t a t i o n .  A v e r t i c a l  
motion i n  each s t a t i o n  p l a c e s  t h e  ho lder  on to  a  p a i r  of alignment p ins  t o  a s s u r e  
accura te  p o s i t i o n i n g .  
An e x t r a  source o f  DC-704 o i l  i n  a  c r u c i b l e  rri th a  s u r f a c e  o f  4 cm2 rras 
0 hea ted  t o  60 C and t h e  temperature  was monitored with  a  copper-contantan thermo- 
couple.  The e x t r a  o i l  source rras kept  a t  6 0 O ~  a t  l e a s t  an hour before  t h e  polymer 
f i l m  rras depos i ted  i n  an e f f o r t  t o  reach equ i l ib r ium.  
A l l  o f  t h e  machined p a r t s  t o  be used i n  t h e  b e l l  j a r  were c leaned by 
means o f  mechanical p o l i s h  and chemical e t c h  t o  s t r i p  s u r f a c e  contaminat ion,  
t o o l s  were thoroughly c leaned and rrhite gloves  irere irorn rrhenever opera t ing  of 
t h e  vacuum system. The vacuum system was evacuated rrhen not i n  use .  
2.  E lec t ron  Gun 
A 902A cathode ray tube  served as  t h e  source of e l e c t r o n s  f o r  
t h e  polymerizat ion p rocess .  The sc reen  and t h e  upper p o r t i o n  o f  t h e  t u b e  lras 
removed and t h e  t u b e  was h e l d  i n  t h e  grimble mount i n  t h e  vacuum chamber. Figure 
4 sho~rs  t h e  e x t e r n a l  c o n t r o l  c i r c u i t  used t o  provide f o r  t h e  beam cur ren t  a d j u s t -  
ment, a c c e l e r a t i n g  p o t e n t i a l  adjustment ,  t h e  aiming of t h e  e l e c t r o n  beam spot  on 
g r i d  
Fig - 4. The ca thode  r a y  tube and its 
c o n t r o l  c i r c u i t  
t h e  s u b s t r a t e ,  and adjustment o f  t h e  s i z e  of t h e  s p o t .  For g r e a t e r  g ro~r ing  r a t e ,  
t h e  f i r s t  anode was grounded and t h e  s u b s t r a t e  T+ras b i a s e d  above t h e  f i r s t  anode 
t o  c o l l e c t  secondary e l e c t r o n s .  
To a l i g n  t h e  e l e c t r o n  beam s p o t ,  t h e  phosphor screen from t h e  cathode 
ray tube  was p laced  on t h e  alignment s u b s t r a t e  which was a t  t h e  s u b s t r a t e  p o s i t i o n .  
By a d j u s t i n g  t h e  r e l a t i v e  p o s i t i o n  of t h e  spot  on t h e  screen and a c r o s s  mark on 
t h e  alignment s u b s t r a t e ,  t h e  alignment was achieved without d i f f i c u l t y .  
I f  t h e  cathode ray  t u b e  f i lament  was tu rned  o f f  t h e  emission of  t h e  
cathode decreased r a p i d l y ,  and t h e  e l e c t r o n  beam had some nonuniformity i n  it 
c r o s s  s e c t i o n .  The reasonable  exp lana t ion  was t h a t  t h e  o i l  molecules which f e l l  
on t h e  cathode s u r f a c e  would burn lrhen t h e  f i l ament  was tu rned  on, and t h e  
o rgan ic  res idue  on t h e  cathode sur face  reduced i t s  e f f i c i e n c y .  This was avoided 
almost completely by opera t ing  t h e  f i lament  a t  9V t o  10V f o r  about 1 0  minutes 
before  each run .  Keeping t h e  f i lament  opera t ing  a t  3V t o  4~ i n  t h e  vacuum chamber 
t o  prevent  t h e  accumulation of o i l  molecules was an e f f e c t i v e  method t o  prolong 
t h e  l i f e  of t h e  Cathode ray t u b e .  
D. Measurement Equipment 
1. Capacitance Bridge 
A General Radio Capacitance-Measuring Assembly Type 1620-A was 
used t o  measure t h e  capaci tance and l o s s  t angen t  of samples. This assembly con- 
s i s t s  of t h e  Type 1615-A Capacitance Bridge I r i th  t h e  Type 1311-A Audio O s c i l l a t o r  
and Type 1232-A Tuned Amplif ier  and Null  De tec to r .  This  b r idge  i s  designed t o  
cover a range from 20 HZ t o  100 KHz, d i r e c t  by read ing  i n  capaci tance a t  any 
frequency and i n  d i s s i p a t i o n  f a c t o r  a t  1 KHz with  c o r r e c t i o n  f a c t o r s  f o r  measure- 
ment a t  o t h e r  f requenc ies .  It covers a capaci tance range of 10 pf t o  a maximum 
of 1 p f ,  wi th  i n t e r n a l  s t andard  c a p a c i t o r ,  and achieves  an accuracy of  * 0.1%. 
The coverage of t h e  d i s s i p a t i o n  f a c t o r  i s  from 1 PPM t o  1 with an accuragy of  
+ ( 0 . 1 %  + 10 PPM) a t  1 KHz.  The samples were put  i n  a s h i e l d i n g  jacket  and 
co-axial  cab les  were used t o  connect t h e  sample t o  t h e  b r idge .  The cab les  Irere 
kept as  s h o r t  a s  p o s s i b l e  b u t  t h e  l e a d  capaci tances  were s t i l l  s i g n i f i c a n t .  It 
was measured t o  be about 8 pf and was s u b t r a c t e d  from t h e  capaci tance read ing .  
I n  a l l  measurement, t h e  input  s i g n a l  was kept 0.1V t o  assure  t h e  f i e l d  
more than t ~ ~ r o  o rders  o f  magnitude below breakdo1.m l e v e l  and consequently,  
measurements should be p o s s i b l e  without any chance 'crhatever o f  i n c i p i e n t  break- 
do~m o r  i o n i z a t i o n  phenomena. Both capaci tance and d i s s i p a t i o n  f a c t o r  were 
meas~u-ed t o  f o u r  s i g n i f i c a n t  f i g u r e s .  
The b r i d g e  measures t h e  capac i ty  and d i s s i p a t i o n  f a c t o r  of an equ iva len t  
p a r a l l e l  combination of  capaci tance and r e s i s t a n c e .  Since t h e  sample i s  equ iva len t  
t o  p a r a l l e l  c a p a c i t y  and r e s i s t a n c e  no c o r r e c t i o n  i s  necessa ry .  
2 .  Constant Temperature Chamber 
Two D e l t a  Type 10602 cons tan t  temperature  chamber were used t o  
keep samples a t  cons tan t  temperature  f o r  aging e f f e c t  t e s t s .  The measurement 
o f  capaci tance and l o s s  t angen t  of samples a t  d i f f e r e n t  temperature  a l s o  were 
done by p u t t i n g  t h e  samples with  t h e  s h i e l d  jacket  i n  t h e  chamber t o  hea t  up 
t o  d e s i r e d  t empera ture ,  t h e  a c t u a l  temperature  of t h e  samples was monitored 
by a t t a c h i n g  a p a i r  o f  thermocouples i n  c l o s e  v i c i n i t y  t o  t h e  capactor  p l a t e  
on t h e  s u b s t r a t e .  A p a i r  o f  co-axial cab les  provided t h e  connection between 
sample and t h e  b r i d g e .  
The chambers with  t h e  b u i l t - i n  hea t  source provided t h e  constant  
0 0 0 
temperature  range from room temperature  (about 25 C )  t o  250 C wi th  2 2 C 
a,ccuracy a t  t h e  c e n t e r  of t h e  chamber. The te111per.ature was s e t  by means of 
meter-operated automatic c o n t r o l .  
3 Resis tance Bridge 
The r e s i s t a n c e  b r idge  which could s imultaneously measure t h e  cur ren t  
and vo l tage  of t h e  sample was used Sor dc conduc t iv i ty  and d i e l e c x r i c  s t rengzh  
measurements. The br idge  i s  balanced a t  open c i r c u i t .  As showed i n  ~ i ~ u r e - 6  t h e  
inpu t  impedance of v o l t  meter  Vm2 se rves  a s  one arm of  t h e  b r idge .  The br idge  
becomes unbalanced when an unkown r e s i s t a n c e  i s  placed i n  t h e  c i r c u i t .  The 
unbalanced v o l t a g e ,  1 / 4 ,  a s  r e a d  by a  vo l tmete r ,  V m l  and i s  proportiona,l  t o  t h e  
c u r r e n t  through t h e  specimen, Is. The c u r r e n t  i s  given by 1 9  
I = 1 . 1 3  X l o q 5  V4 amps 
S 
-12 Current o f  10 amps rnay be measured i n  specimens from 10K t o  
10 meg'ohms with  accuracy b e t t e r  than  5%. 
ce Pot 
Figure  5 Resis tance Bridge 
CHAPTER I V  
EXPERIMENTAL RESULTS 
A. I n t r o d u c t i o n  
More t h a n  s i x t y  metal-polymer-metal s t r u c t u r e s  have been cons t ruc ted  
f o r  va r ious  measurements. During t h e  depos i t ion  o f  t h e  polymer l a y e r s ,  a l l  
parameters  were c l o s e l y  monitored and recorded t o  e s t a b l i s h  t h e  o r d e r  o f  t h e s e  
a f f e c t s  and t o  provide a common b a s i s  o f  comparison f o r  a l l  o f  t h e  specimens. 
Measurements o f  capac i t ance  and d i s s i p a t i o n  f a c t o r  Irere made on a l l  specimens 
immediately a f t e r  t h e y  were cons t ruc ted  and f i n i s h e d  a s  soon as p o s s i b l e  t o  
avo id  aging e f f e c t s .  Exposure of specimens t o  a i r  i n v a r i a b l y  r e s u l t e d  i n  re-  
markable decreases  o f  cepac i t ance .  Measurements v e r e  made f o r  a s e r i e s  of  
specimens over  a range of  f requenc ies  o r  over a range of  t empera tu re ,  but  
more a t t e n t i o n  was devoted t o  t h e  measurements a t  room temperature  over  a range 
of f requenc ies .  Long term aging e f f e c t s  on d i e l e c t r i c  p r o p e r t i e s  have a l s o  
been observed. 
S e v e r a l  s u b t l e  s t e p s  had t o  be adopted both i n  t h e  c o n s t r u c t i o n  and 
measurements procedure .  This was time-consuming and t e n d  t o  l i m i t  t h e  number 
of  specimens which could be handled. About one h a l f  o f  t h e  specimens f a b r i c a t e d  
y i e l d  s i g n i f i c a n t  d a t a  which i s  much more than  enough f o r  a n a l y s i s .  The 
polymer f i lms  analyzed,  o the rwise  no ted ,  a r e  formed a t  system p r e s s u r e  of 
5 x l f4  t o  4 x l f5  t o r r  a t  room temperature  wi th  an e l e c t r o n  beam cur ren t  
d e n s i t y  of  1 0 . 2  p ~ / c m ~  a t  3 6 0 ~ .  
B.  Film Gro~rth  
S e v e r a l  polymer f i lms  have been formed under i d e n t i c a l  system p r e s s u r e  
amd cur ren t  d e n s i t y  but  v i t h  d i f f e r e n t  a c c e l e r a t i n g  v o l t a g e ,  no dependence of 
grotrth r a t e  on a c c e l e r a t i n g  v o l t a g e  was observed i n  t h e  range of 300V t o  ~ O O V ,  
however, it i s  found t h a t  t h e  f i l m s  formed a t  h igher  vo l tages  up t o  6 6 0 ~  had 
much h igher  d i s s i p a t i o n  f a c t o r .  Because of t h i s  e f f e c t ,  t h e  a c c e l e r a t i n g  vo l tage  
6 
was f ixed  a t  3 6 0 ~  f o r  most specimen. C h r i s t y ' s  phenomenological formula 
p r e d i c t e d  t h e  l i n e a r  dependence of growth r a t e  on cur ren t  d e n s i t y  a t  t h i s  l o ~ ~ r  
c u r r e n t  d e n s i t y ,  but  t h e  experiment showed a  con t ra ry  r e s u l t .  It can be seen 
from ~ i g u r e - 6 ,  lotrering t h e  cur ren t  d e n s i t y  25% decreased t h e  growth r a t e  by 
h a l f .  The grotrth r a t e  was a  f a i r l y  l i n e a r  func t ion  o f  t ime f o r  both cases ,  and 
was c a l c u l a t e d  t o  be 4.2 &min f o r  cur ren t  d e n s i t y  o f  1 0 . 2  pii/crn2 a t  room 
temperature .  
Most t imes t h e  e x t r a  source was hea ted  t o  and kept  a t  60°c f o r  more 
t h a n  one and an h a l f  hours before  f i lm,  was deposi ted.  It  i s  found t h a t  t h e  
system had a l ready  reached s a t u r a t i o n  condi t ion  a t  t h i s  t i m e s ,  because no i n -  
c r e a s e  i n  growth r a t e  was observed by t u r n i n g  on t h e  h e a t e r  o f  t h e  e x t r a  source 
f o r  a  much longer  t ime before  depos i t ion .  
It seems t o  be impossible t o  deposi t  polymer f i lms  o f  d e s i r e d  t h i c k -  
ness  with  high accuracy only b y  con t ro l ing  t h e  depos i t ion  parameters and depos i t ion  
t ime .  Other monitoring techniques  such a s  microbalance technique should be 
employed. 
C .  A .  C .  Measurements 
1. D i e l e c t r i c  Constant 
I n  t h i s  experiment t h i c k n e s s e s  of most f i lms  were i n d i r e c t l y  
determined by capac i ty  measurement, and t h u s  t h e  d i e l e c t r i c  constant  should be 
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known wi th  s u f f i c i e n t  degree of accuracy, Previous  work 635y19 showed t h a t  t h e  
r e l a t i v e  d i e l e c t r i c  cons tan t  t o  be 2 . 8  a t  1 KHz. Thicknesses o f  t h r e e  specimens 
have been determined by e l l i p s o m e t r i c  measurement G i t h  an es t imated  accuracy o f  
0 
f 5A. Within exper imental  e r r o r ,  t h e  r e l a t i v e  d i e l e c t r i c  cons tan t  c a l c u l a t e d  from 
t h e  measured t h i c k n e s s e s  and capac i t ances  c o n s i s t a n t l y  f e l l  on t h e  same va lue  of 
2 . 8  a t  1 KHz. This  value seems t o  be r e l i a b l e ,  
E l l i p s o m e t r i c  measurement along with  an ex tens ive  computer program 
was e~nployed t o  c a l c u l a t e  t h e  index of  r e f r a c t i o n  of t h e  polymer f i l m s .  The 
r e s u l t s  showed t h a t  t h e  index of  r e f r a c t i o n  of  t h e  polymer f i l m s  i s  1 . 3 9  and t h a t  
t h e  o p t i c a l  d i e l e c t r i c  cons tan t  i s  1 . 9 3 .  This  va lue  i s  some~rhat lower t h a n  
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t h a t  of  1 . 6  t o  1 . 8  es t imated  by Chr i s ty  . 
2 .  D i e l e c t r i c  Relaxat ion 
D i e l e c t r i c  cons tan t  and d i s s i p a t i o n  f a c t o r  measurement over  a 
f requency range o f  0 .2  t o  100 KHz were made f o r  a l l  t h e  specimens. The measure- 
ments were made i n  open a i r  immediately af%er t h e  specimen was moved ou t  from 
t h e  vacuum chamber and completed a s  qu ick ly  a s  p o s s i b l e  and u s u a l l y  r e q u i r e d  
no more t h a n  an hour t o  complete.  The changes i n  capac i t ance  and d i s s i p a t i o n  
f a c t o r  due t o  ag ing  e f f e c t  could be n e g l e c t e d ,  
The r e s u l t s  ob ta ined  f o r  specimens o f  va r ious  t h i c k n e s s  f e l l  i n  t h e  
s m e  p a t t e r n .  Figure-'( shows t h e  pe rcen t  changes i n  capac i t ances  a g a i n s t  
frequency f o r  f o u r  specimens and t h e  corresponding curves f o r  d i s s i p a t i o n  
f a c t o r  a r e  shoved i n  Figure-8. Curves i n  Figure-'( showed a steady, decrease  
i n  capac i t ance  w i t h  an i n c r e a s i n g  frequency w i t h i n  t h e  measuring range.  The 
r a t e  of change i s  r a p i d  a t  t h e  low-frequency and a c o n s i s t e n t  change of s lope  
of curves  occurs  between 3 and 4 KHz, decreas ing  t h e  r a t e  of  change. The changes 
i n  E ' a r e  between 4 . 5 %  t o  8 .7% f o r  t h e  range o f  0 . 2  t o  100 IVlz. 


As can be seen i n  Figure-8 t h e  l o s s e s  of  t h i s  polymer g e n e r a l l y  t end  
t o  be one t o  t~cro o r d e r s  o f  magnitude h igher  than  t h a t  expected f o r  common 
polymers. I n i t i a l l y  t h e  d i s s i p a t i o n  f a c t o r  decreases  s l i g h t l y  ~ r i t h  i n c r e a s i n g  
frequency up t o  2 KHz and t h e n  i n c r e a s e s  s h a r p l y  tor.rards t h e  high-frequency end 
o f  t h e  range.  There i s  no l o s s  peak w i t h i n  t h e  range of  f requenc ies  observed bu t  
t h e  shape of t h e  d i s s i p a t i o n  f a c t o r  curves ,  i n  conjunct ion t r i th  t h e  corresponding 
capac i t ance  curves i n  Figure-7 sugges t s  a l o s s  peak above 100 KHz and o u t s i d e  
t h e  range of t h e  measurement. I f  t h e  r e s u l t s  a r e  exp la ined  i n  terms o f  a high- 
f requency l o s s  peak,  it must l i e  a t  a frequency much h i g h e r  t h a n  100 KHz. The 
d e v i a t i o n  i n  d i s s i p a t i o n  f a c t o r  i n d i c a t e s  a cons ide rab le  v a r i a t i o n  of  m a t e r i a l  
p r o p e r t i e s  among t h e  f o u r  specimens. This i s  no t  unexpected f o r  heterogeneous 
s o l i d s .  
The d e t a i l e d  d a t a  a v a i l a b l e  shows no evidence f o r  c o r r e l a t i n g  t h e  
v a r i a t i o n  of  both  capac i t ance  and d i s s i p a t i o n  f a c t o r  wi th  frequency t o  t h e  
t h i c k n e s s  of  t h e  specimens. 
3. Modified Cole and Cole P l o t  
I n  an e f f o r t  t o  c h a r a c t e r i z e  t h e  polymer f i l m s ,  models have been 
developed f o r  a n a l y s i s .  The r e s u l t s  t o  be p resen ted  a r e  r e p r e s e n t a t i v e  bu t  have 
been chosen s o  t h a t  t h e  same model can be used f o r  most specimens i n  a good 
agreement wi th  t h e  exper imental  d a t a .  
The changes i n  capac i t ance  and d i s s i p a t i o n  f a c t o r  v i t h  frequency f o r  
a t y p i c a l  specimen a r e  showed i n  Figures  9 and 1 0 .  The corresponding curves 
f o r  €'and E" a r e  sho~~red i n  Figure  11. The shape of  d i s s i p a t i o n  f a c t o r  sugges t s  
t h a t  t h e r e  i s  a l o s s  peak above 100 KHz. The p l o t  of E '  and E "  on complex p lane  
( F i g u r e  1 2 )  t end  t o  support  t h i s  suggest ion and suggest  ano ther  p o s s i b l e  peak 
below 200 Hz.  Without l ino~ming a c t u a l  mechanisms which c o n t r i b u t e  t o  t h e  l o s s e s ,  


Fig - 11. E"  v s .  Frequency and  E '  vs .  Frequency f o r  Sample No. 18  178A 
0 Experimental  
a Calcu la ted  
2.6 2.7 2.8 
DIELECTRIC CONSTANT, E ' 
Fig - 12 .  Loss Fac to r  v s .  D i e l e c t r i c  Constant 
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for  Sample No. 1 8  178A 
we assume t h a t  t h e r e  a r e  dipole- l ike r e l axa t i ons  with two d ispers ion  regions 
i n  t h e  polymer f i lms  and employ Eq.  38 
E *  ' E r n  + K1 + 
1 +( j w i l ) l - o l  1 + (jw-c2) 1-a2 
Let .rl and T~ be t h e  most poss ib le  re laxa t ion  time f o r  high frequency 
and low frequency d ispers ion  region respec t ive ly  then  t h e  measured frequency w i l l  
f a l l  i n t o  t he  two regions ( c . f .  Figure 13 )  
For t h i s  case Eqs. 39 becomes 
It can be wr i t t en  as 
and 
with 
E '  = Ern + K 1-a + K~ ( 0 ~ ~ )  1 Sin (F) 
Fig - 13. T?io Dispersion Regions for Polymer Film. 
This  g ives  
and can be w r i t t e n  a s  
and 
with  
o < a  ( 1  2 
Except f o r  f requencies  below 2KHz, i n  most p o r t i o n s o f  t h e  observed frequency 
range,  t h e  r e a l  d i e l e c t r i c  c o n s t a n t ,  E' was observed t o  decrease s t e a d i l y  wi th  
i n c r e a s i n g  frequency while  over t h e  same range t h e  l o s s  f a c t o r  E "  inc reased  with  
i n c r e a s i n g  frequency,  Eqs (40)  and (41)  can be used t o  express  t h e s e  f e a t u r e s  f o r  
a d i s p e r s i o n  and obsorpt ion region with  a l o s s  peak a t  frequency about 100 KHz. 
I n  t h e  frequency reg ion  below 2KHz, t h e  r e a l  d i e l e c t r i c  c o n s t a n t ,  
again decreased wi th  i n c r e a s i n g  frequency, but  t h e  l o s s  f a c t o r  & I 1 ,  was observed 
a l s o  t o  decrease with  i n c r e a s i n g  frequency. These f e a t u r e s  a r e  c o n s i s t e n t  wi th  
Eqs. (43) and ( 4 4 )  f o r  a d i s p e r s i o n  peaking a t  frequency below 200Hz. 
Because of t h e  r e s t r i c t i o n  of  t h e  frequency range,  capacitance and 
d i s s ipa t i on  f a c t o r  measurements could not  be make f o r  frequencies below 200 Hz, 
without s u f f i c i e n t  information,  it would be inexpedient t o  ana lys i s  t h e  low 
frequency d ispers ion  and thus  t he  e f f o r t  was devoted mainly on t h e  high f r e -  
quency d ispers ion .  Eqs. (39) and (40)  were chosen f o r  comparison with experimental 
0 
data .  Figure 1 3  shows the  experimental curves f o r  specimen number 18 (178 A )  
and t h e  ca l cu l a t ed  curve with K = 1 . 2 ,  a = 2.6 ,  E I 1 + K1 = 2.75,  t he  agreement 
i s  qu i t e  good from 8 KHz up t o  100 KHz. Using t he  appropriate  values t h e  approx- 
imate value f o r  t h e  r ea lxa t i on  time T i s  found t o  be 2.7 x sec  ( l o s s  peak 1 
0 0 
Five specimens th ickness  from 79 A t o  285 A were used f o r  f u r t h e r  
ana ly s i s ,  t h e  r e s u l t s  showed t h a t  roughly t h e  same high frequency c h a r a c t e r i s t i c s  
ex i s t ed  i n  every specimens with a  superimposed low frequency d ispers ion .  The 
parameter d d i f f e r j  from specimen t o  specimen, ranging from 0.22 t o  0.31. The 1 
l a r g e r  value of  cLl represented a  broader d i s t r i b u t i o n  of re laxa t ion  time%. Average 
value fo r  s t a t i c  d i e l e c t r i c  constant E + K1 f o r  t h e  polymer f i lms i s  found t o  
be 2.73 * 0.08 and T i s  found t o  be between 1 .9  x and 4.5 x sec .  1 
The devia t ion  i n  t he se  parameters provided t he  evidence f o r  considerable  
deviat ion i n  ma te r i a l  p roper t ies  among the se  specimens. Due t o  l a ck  of s u f f i c i e n t  
kno~srledge of t h e  polymer f i lm s t r u c t u r e ,  no conclusion could be drawn t o  underly 
t he  reason f o r  t h i s  spread of values.  
4. Aging E f f e c t s  
During t h e  e a r l y  exper imental  smal l  i n c r e a s e s  i n  capac i tance  
and d i s s i p a t i o n  f a c t o r  with  t ime were observed when t h e  specimens were s t o r e d  
i n  room a i r .  The change i n  capac i ty  was a t t r i b u t e d 8  t o  t h e  inc reases  i n  
d i e l e c t r i c  cons tan t  by t h e  s a t u r a t i o n  o f  long-l ived phenyl f r e e  r a d i c a l s  formed 
during t h e  polymerizat ion p rocess ,  and t h e  s a t u r a t i o n  was c a r r i e d  out 
absorp t ion  of atmospheric wate r .  
For aging e f f e c t s  observa t ions ,  more t h a n  twenty specimens were made 
and s t o r e d  i n  atmospheric a i r .  Capacitance measurements were made a t  1 KHz 
immediately a f t e r  t h e  specimens were moved from t h e  vacuum chamber and t h e n  
made p e r i o d i c a l l y  i n  open a i r .  It was found t h a t  none of  t h e s e  specimens 
had showed i n c r e a s e s  i n  capaci tance o r  d i s s i p a t i o n  f a c t o r  f o r  two week, con- 
t r a r y  t o  t h e  f i n d i n g s  o f  o t h e r s .  
A l l  t h e  specimens showed a decrease i n  capaci tance dur ing t h e  f i r s t  
t h r e e  days and t h e  aging curves tended t o  f l a t t e n  ou t  t h e r e a f t e r .  The capaci tance 
apparen t ly  became s t a b l e  a f t e r  twenty days.  A p l o t  f o r  s i x  o f  t h e  specimens 
i s  given i n  Figure  1 4 .  Figure  1 5  shows t h e  percentage decreases  of capaci tance 
a g a i n s t  t ime f o r  specimens o f  d i f f e r e n t  t h i c k n e s s .  It can be seen from t h e s e  
curves t h a t  t h e  r e s u l t a n t  percentage decrease of t h e  capaci tance i s  p r o p o r t i o n a l  
t o  t h e  th ickness  of t h e  specimens. Since a l l  t h e  specimens have been normalized 
t o  t h e  same a r e a ,  from a phenomenological po in t  of view, t h e  decrease i n  
capaci tance seem t o  be a bulk func t ion  r a t h e r  t h a n  a s u r f a c e  func t ion .  The cor res -  
ponding r e s u l t a n t  percentage decrease i n  capaci tance i s  p l o t t e d  i n  Figure  1 6 ,  
a s  a func t ion  of t h i c k n e s s .  A f a i r l y  good s t r a i g h t  l i n e  r e l a t i o n  i s  ob ta ined  
and hence t h e  s l o p e  of t h e  p l o t  gives  t h e  r e s u l t a n t  percentage capaci tance de- 
c reases  of t h e  specimens. The r e s u l t a n t  percentage change i s  approximately 
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given by 
where d  i s  t h e  thickness  of  t h e  specimen i n  angstroms. 
The changes i n  d i s s i p a t i o n  f a c t o r  deviated from sample t o  sample, 
however, Figure 1 7  shows the  r e s u l t s  which a r e  qu i t e  t y p i c a l .  A l l  t h e  aging 
curves f e l l  sharp ly  i n  t h e  f i r s t  t h r e e  days but l i t t l e  change was observed 
during t he  successive week. The d i s s ipa t i on  f a c t o r  then increased  continuously 
t o  a  value higher  than  t h e  i n i t i a l  value and became more s t a b l e .  It i s  worth 
not ing t h a t  both t h e  capcitance and d i s s ipa t i on  f a c t o r  come t o  t h e  s teady s t a t e  
values af ' ter same per iod  of aging even though they  follow q u i t e  d i f f e r e n t  
pa t t e rn s .  
-4 Two add i t i ona l  specimens were s t o r ed  i n  vacuum a t  5 x  1 0  t o  
t o r r  f o r  f i v e  days, no s i g n i f i c a n t  changes i n  capacitance o r  d i s s ipa t i on  f a c t o r  
were not iced.  Three add i t i ona l  specimens were s t o r ed  i n  dess ica ted  a i r  f o r  
t h r e e  weeks, t h e  capcitance and d i s s ipa t i on  f a c t o r  were then  measured. Their 
capacitance decreased with time l i k e  those  s t o r ed  i n  room a i r ,  but t h e  d i s s ipa t i on  
f a c t o r  changed d r a s t i c a l l y .  Furthermore, i f  t h e  moisture was taken  up by t he  
f i lm ,  both t h e  capacitance and d i s s ipa t i on  f a c t o r  should have increased ,  This 
d id  not f i t  t h e  experimental f a c t s ,  which showed decreases i n  both capacitance 
and d i s s ipa t i on  f a c t o r  during aging i n  room a i r .  One cannot immediately i n t e r p r e t  
t he  changes i n  capacitance and d i s s i p a t i o n  f a c t o r  i s  due t o  t h e  absorpt ion of 
water vapor as  concluded by o the r  workers. 5 '8 A l t e rna l t i ve ly ,  it might be suggested 
t h a t  these  changes a r e  due t o  t h e  absorpt ion of oxygen i n t o  t he  f i lm .  
lA ffl 
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Regardless of t he  ac tua l  mechanism, a t  t h i s  s t age ,  a reasonable 
conclusion can be drawn from Figure 1 6 .  Since t h e  capacitance of  a specimen 
i s  given by 
Where C i s  capaci tance,  E i s  t h e  r e l a t i v e  d i e l e c t r i c  constant  of f i lm 
E i s  t he  d i e l e c t r i c  constant of vacuum, A i s  t h e  a r ea  of t h e  specimen, and d 
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i s  t he  th ickness  of t h e  f i lm.  For a f i xed  a r ea ,  only an increase  i n  d o r  a 
decrease i n  E ,  o r  both can r e s u l t  i n  decrease i n  capaci tance.  It has been 
observed t h a t ,  f o r  a specimen s to r ed  i n  room a i r  f o r  a per iod ,  more vol tage 
was required t o  maintain t h e  same cu r r en t ,  i . e .  a decrease i n  e l ec t ron  t r anspo r t  
cur ren t .  It suggests  an increase  i n  th ickness .  These r e s u l t s  a r e ,  however, i n  
agreement with t h e  suggestion t h a t  t he  decreases i n  capacitance a r e  due t o  t he  
increase  i n  f i lm th ickness .  
8 H i l l  working with polymethlsiloxane f i lms ,  observed a decrease i n  
capacitance f o r  specimens s t o r ed  i n  atmosphere and a t t r i b u t e d  t h e  changes t o  
t he  desorpt ion of t rapped high vapor pressure  unpolymerized monomer from the  
polymer f i lms which were formed by t h e  low energy e l ec t ron  beam bonbardment. 
For specimens produced by higher  energy(700 eV o r  h ighe r )  e l ec t ron  
beam bonbardment, s i m i l a r  aging e f f e c t s  a r e  observed. Their  curves of capacitance 
changes aga ins t  t ime f e l l  i n  t h e  genera l  p a t t e r n  e s t ab l i shed  f o r  those  formed 
by 360 eV e l ec t ron  beam. The only s i g n i f i c a n t  d i f fe rence  i s  t h a t  t h e  r e s u l t a n t  
percentage changes of capacitance of t he se  specimens a r e  somewhat lower than  
t h a t  p red ic ted  by E q .  45 .  This suggest t h a t  t h e  r e s u l t a n t  percentage changes 
of capaci tance depends on t h e  energy of  formation and tends  t o  decrease f o r  
h igher  energy o f  formation. These e f f e c t s  obviously need t o  be observed i n  more 
d e t a i l .  
5 .  Temperature Dependence 
Temperature dependence o f  t h e  capac i tance  and d i s s i p a t i o n  f a c t o r  
were i n v e s t i g a t e d  by keeping specimens a t  d i f f e r e n t  temperature  and making 
measurement over  a frequency range from 0.2 KHz t o  100 KHz. For every specimen 
pronounced i n c r e a s e s  i n  capaci tance with  i n c r e a s e s  temperature  were no t iced .  
The temperature  dependence o f  capaci tance a t  1 KHz f o r  two specimens a r e  i l l u s t r a t e d  
i n  Figure  1 8 .  Figure  1 9  r e p r e s e n t s  p l o t s  o f  E '  and E" aga ins t  frequency f o r  
specimen number 48 a t  temperature  a s  i n d i c a t e d .  From t h e  p l o t s  o f  E "  t h e  suggested 
high frequency l o s s  peak apparen t ly  tended t o  s h i f t  t o  h igher  f requencies  with  
i n c r e a s i n g  temperature .  Figure 20 shows t h e  corresponding modified Cole and Cole 
p l o t s .  From t h e  asymptotes o f  t h e  p l o t s ,  it can be found t h a t  t h e  Cole and Cole 
parameter a f o r  t h e  suggested high frequency d i s p e r s i o n  i s  s l i g h t l y  decreasing 1 
wi th  i n c r e a s i n g  temperture .  Since t h e  parameter a r e f l e c t s  t h e  width o f  d i s t r i b u t i o n  1 
of r e l a x a t i o n  t i m e s ,  and t h u s  t h e  decrease i n  a wi th  t ime  i n d i c a t e s  a narrower 1 
d i s t r i b u t i o n  of r e l a x a t i o n  t imes  a t  h igher  temperature .  
The i n c r e a s e  i n  capaci tance a t  e l e v a t e d  temperature  has been a t t r i b u t e d  
t o  a decrease i n  t h e  equivalent  p a r a l l e l  r e s i s t a n c e  o f  t h e  sample, t h i s  r e s u l t s  
i n  a i n c r e a s e  i n  measured capaci tance.  Unfor tuna te ly ,  t h e r e  i s  not  s u f f i c i e n t  
knowledge of t h e  f i l m  s t r u c t u r e  t o  confirm t h i s  i n t e r p r e t a t i o n  and support  a 
model f o r  t h e  spread  of t h i s  parameter 
6. E f f e c t s  of Voltage on Capacitance 
The capaci tance measured with  a smal l  ac f i e l d  depends very 
pronouncedly on any dc b i a s  vo l tage  p r e s e n t .  The percen t  change i n  capaci tance 
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v a r i e s  from sample t o  sample. As a  genera l  tendency,  t h e  capaci tance changes 
more s t r o n g l y  u i t h  dc b i a s .  For l a r g e r  t h i c k n e s s  a t  same dc b i a s  f i e l d ,  
t h i c k e r  specimens have l a r g e r  percentage change t h a n  t h i n n e r  ones .  The capaci tance 
cont inues  t o  i n c r e a s e  non l inear ly  with  inc reas ing  dc b i a s  vo l tage  up t o  i t s  
0 
breakdom. For a  specimen of  128 A t h i c k ,  6.5% i n c r e a s e  i n  capaci tance was 
observed a t  2 . 8  V b i a s  whi le  it increased  2% a t  1 . 4  V b i a s .  Because of t h e  
inaccuracy i n  t h e  measurement of t h e  vo l tage  ac ross  t h e  specimen, t h e  i n f o m a t i o n  
i s  not p r e c i s e .  
D. D. C. D i e l e c t r i c  S t reng th  
One of  t h e  most s i g n i f i c a n t  c h a r a c t e r i s t i c  p r o p e r t i e s  o f  t h i n  f i lms  
i s  t h a t  t h e i r  t h i c k n e s s  i s  very smal l  compared t o  o t h e r  dimensions. Frohl ich 37 
has shown t h e  d i e l e c t r i c  s t r e n g t h  should i n c r e a s e  as  t h e  t h i c k n e s s  o f  a  d i e l e c t r i c  
specimen decreases  and approaches t h e  l e n g t h  of t h e  e l e c t r o n  mean f r e e  pa th .  
Since avalanche and thermal  breakdown a r e  l e s s  l i k e l y  t o  occur ,  i n t r i n s i c  break- 
down becomes t h e  predominant mechanism i n  very t h i n  f i l m s .  
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Four specimens wi th  th ickness  from 80 t o  420 A have been t e s t e d  by 
applying dc p o t e n t i a l  ac ross  two evaporated aluminum e l e c t r o d e s .  The d i e l e c t r i c  
6 
s t r e n g t h  ob ta ined  f e l l  wi th in  t h e  range of  2  t o  6 x 10 V/cm, but  they  showed 
no v a r i a t i o n  o f  d i e l e c t r i c  s t r e n g t h  wi th  t h i c k n e s s  wi th in  t h e  range observed. 
It can be a t t r i b u t e d  t o  t h e  amorphous n a t u r e  of t h e  polymer f i l m s  as  compared 
wi th  i o n i c  f i l m s ,  reducing t h e  l e n g t h  of e l e c t r o n  mean f r e e  pa th .  The observed 
r e s u l t s  a r e  l i s t e d  i n  Table 1, 
Sample 
No 
Table I 
D i e l e c t r i c  S t r e n g t h  o f  Polymerized Dc-704 Films a t  2 5 O ~  
Thickness Capacitance D i s s i p a t i o n  DC D i e l e c t r i c  
0 
A p.f  a t  1 KHz Factor  a t  1 KHz S t r e n g t h  V/cm 
Films formed by a  h igher  energy (600 e v )  e l e c t r o n  beam showed a  
d i e l e c t r i c  s t r e n g t h  of l e s s  t h a n  8 x l o 5  V/cm but  no v a r i a t i o n  of d i e l e c t r i c  
s t r e n g t h  with  th ickness  i.s observed. The reduced d i e l e c t r i c  s t r e n g t h  may be 
regarded as  t h e  h igher  polymerizat ion energy causing t h e  f i lms  t o  be degraded 
i n t o  a  more conductive s t a t e .  Since t h e  energy o f  t h e  e l e c t r o n  beam is  many 
t imes  more than  t h a t  requ i red  t o  i n i t i a t e  t h e  reac t ion40 ,  more bonds a r e  broken 
t h a n  would be requ i red  t o  i n i t i a t e  t h e  r e a c t i o n .  This i n e v i t a b l y  r e s u l t s  i n  
a  h igh  concen t ra t ion  of f r e e  r a d i c a l s  and it i s  observed t o  have t h e  e f f e c t  of 
i n c r e a s i n g  t h e  e l e c t r o n  t r a n s p o r t  through t h e  f i l m .  
E .  E l e c t r i c a l  Conductivity 
As mentioned prev ious ly  t h i n  polymer f i l m s  have t h e  p roper ty  t o  
conduct apprec iab le  non-ohmic c u r r e n t s  a s  a  func t ion  of t h i c k n e s s ,  s u r f a c e  
c o n t a c t ,  temperature  and f i n a l l y  s t r u c t u r a l  imperfect ions .  
The genera l  mechanism of c u r r e n t  flow i n  insu la r to rs  a r e  e l e c t r o n  tunne l ing ,  
f i e l d  emission, space-change- limited(^^^) conduction and impuri ty  conduction. 
I n  t h e  1011 temperature  range f o r  t h i n n e r  f i l m s ,  t h e  major c o n t r i b u t i o n  t o  cur ren t  
flow may be due t o  tunne l ing .  The c u r r e n t  decreases  exponent ia l ly  with  inc reased  
0 
t h i c k n e s s ,  and i s  u s u a l l y  n e g l i g i b l y  smal l  f o r  t h i c k n e s s  g r e a t e r  than  about 100 A.  
The emission o f  e l e c t r o n s  by means of Richardson-Schottky mechanism i s  more 
s i g n i f i c a n t ,  because a  l a r g e  e l e c t r i c  f i e l d  can induce a  considerable  cur ren t  
through t h e  f i l m s .  Schottky emission i n  polymerized s i l i c o n e  o i l  f i lms  with  go ld  
4 
contac t s  has been observed . The cur ren t  d e n s i t y  i s  q u i t e  s e n s i t i v e  t o  temp- 
e r a t u r e .  Space-change-limited cur ren t  i s  p o s s i b l e  f o r  even t h i c k e r  f i lms  and i s  
ve ry  s e n s i t i v e  t o  t h e  presence of t r a p  s i t e s  i n  t h e  f i l m s .  E l e c t r i c a l  conduc t iv i ty  
i s  a l s o  p o s s i b l e  i n  f i lms  which con ta in  impuri ty  c e n t e r s  which a r e  capable of 
i o n i z a t i o n .  When an e l e c t r i c  f i e l d  i s  p resen t  t h e  ions  may move o r  e l e c t r o n s  can 
"hop1' from s i t e  t o  s i t e  i n  t h e  f i l m .  This mode of  conduction i s  r e f e r r e d  t o  a s  
Frenkel-Poole mechanism. 
- 
Figure  21  shorqs t h e  p l o t s  of I n 1  vs  V f o r  two specimens. The d a t a  was 
t aken  an hour a f t e r  t h e  specimens were moved from t h e  vacuum chamber. A l i n e a r  
r e l a t i o n s h i p  between i n 1  and v"* could be i d e n t i f i e d .  It i n d i c a t e s  t h a t  t h e  
conduction can be con t r ibu ted  t o  e i t h e r  Richardson-Schottky o r  space-change- 
l i m i t e d  c u r r e n t ,  probably t h e  combination of tunne l ing ,  Schot tky emission o r  
f i e l d  a s s i s t e d  emission from t r a p s  i n  t h e  f i l m s  can be a t t r i b u t e d  t o  t h e  complex 
behavior .  Some samples showed two d i s t i n c t  l i n e a r  p o r t i o n s  on a  I n 1  vs V 112 
which supports  t h e  conclusion t h a t  ttro o r  more mechanisms a r e  p r e s e n t .  
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CHAPTER V 
SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 
A. Conclusions 
Thin f i lms  of polymerized DC-704 o i l  can be formed by e l e c t r o n  beam 
bombardment with  reasonably good r e l i a b i l i t y  and compat ib i l i ty  dorm t o  50 i. 
Deta i led  d i e l e c t r i c  behavior  o f  t h e  f i lms  i s  s t r o n g l y  dependent on t h e  method 
of formation and environmental condi t ions .  Some s p e c i f i c  conclusions  can be 
drawn : 
( 1 )  The polymer f i lms  a r e  homogenous i n  t h i c k n e s s  and f r e e  from pin- 
ho les  provided t h a t  t h e  s u b s t r a t e s  a r e  c a r e f u l l y  prepared. The c ross - l ink ing  
of t h e  polymer accounts f o r  t h e  toughness and d u r a b i l i t y  o f  t h e  f i l m s .  
(2) The polymer f i lm has two d i e l e c t r i c  d i s p e r s i o n s ,  a  h igh  f r e -  
quency d i s p e r s i o n  with  a  low frequency d i s p e r s i o n  superimposed. It i s  l i k e l y  
t h a t  t h e r e  a r e  two o r  more mechanisms involved i n  t h e  r e l a x a t i o n  p rocess .  The 
r e l a x a t i o n  t ime i s  es t imated  t o  be between 1 . 9  and 4.5  x  second f o r  high 
frequency d i s p e r s i o n .  
( 3 )  The r e s u l t a n t  percentage decrease i n  capac i tance  with  t ime i s  
a  bulk f u n c t i o n  r a t h e r  than  a  s u r f a c e  func t ion .  This  i s  probably a t t r i b u t a b l e  
t o  t h e  absorp t ion  of oxygen i n s t e a d  of t h e  absorp t ion  of mois ture .  
(4) The polymer f i l m  has a  very high d i e l e c t r i c  s t r e n g t h ,  r o u t i n e l y  
being h igher  than  l o 6  volt/cm. This phenomenon i s  a t t r i b u t e d  t o  t h e  i n c r e a s e  
o f  d i e l e c t r i c  s t r e n g t h  as t h e  th ickness  of specimen decreases  and approaches t h e  
l e n g t h  of t h e  e l e c t r o n  f r e e  p a t h .  Inc rease  i n  t h e  energy of  formation r e s u l t s  
i n  a  decrease of d i e l e c t r i c  s t r e n g t h .  
( 5 )  The measured capacitance depends both on temperature and dc b i a s .  
The capacitance increases  with increas ing  dc b i a s  of temperature. 
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(6) Non-linear conduct ivi ty  of t h e  polymer f i lm  th i cke r  then  100 A 
could be descr ibed by s eve ra l  processes .  It could have been various combination 
of mechanisms o r  it might be temperature dependent, a t r a n s i t i o n  from one dominant 
mechanism t o  another  tak ing  place as  t h e  temperature var ied .  
B.  Recommendations f o r  Further  Research 
The i nves t i ga t i ons  presented appear t o  i nd i ca t e  s eve ra l  i n t e r e s t i n g  
phenomena which probably warrant f u r t h e r  s tudy.  
(1) Further  t h e o r e t i c a l  research i s  needed t o  r e l a t e  t h e  i nves t i ga t ed  
d i e l e c t r i c  p rope r t i e s  t o  molecular and inter-molecular s t r u c t u r e s .  
(2) By extending t he  frequency range o r  making measurement a t  lower 
temperature,  d i e l e c t r i c  re laxa t ion  can be more completely observed. 
( 3 )  It i s  poss ib le  t h a t  t h e  conduction through t h e  polymer molecule 
i s  determined by i t s  s t r uc tu re .  The e l ec t rons  have t o  overcome a p o t e n t i a l  b a r r i e r  
i n  going from one molecule t o  t he  next .  The ove ra l l  c h a r a c t e r i s t i c  may be a 
funct ion of t h e  overlap of atomic o r b i t a l s  wi th in  t h e  polymer molecule and t he  
overlap of  molecular o r b i t a l s  between polymer molecules.  Thus, intramolecular  
conduction as  we l l  as intermolecular  conduction should be inves t i ga t ed ,  
(4) To inves t i ga t e  t h e  poss ib le  ex is tance  of b i s t a b l e  negat ive 
r e s i s t ance  phenomenon which has been observed f o r  polymer f i lms such as poly- 
divinlbenzene. 
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